A library of 75 different chimeric cellulosomes was constructed as an extension of our previously described approach for the production of model functional complexes (Fierobe, H.-P., Mechaly, A., Tardif, C., Bé laïch, A., Lamed, R., Shoham, Y., Bé laïch, J.-P., and Bayer, E. A. (2001) J. Biol. Chem. 276, 21257-21261), based on the high affinity species-specific cohesin-dockerin interaction. Each complex contained three protein components: (i) a chimeric scaffoldin possessing an optional cellulosebinding module and two cohesins of divergent specificity, and (ii) two cellulases, each bearing a dockerin complementary to one of the divergent cohesins. The activities of the resultant ternary complexes were assayed using different types of cellulose substrates. Organization of cellulolytic enzymes into cellulosome chimeras resulted in characteristically high activities on recalcitrant substrates, whereas the cellulosome chimeras showed little or no advantage over free enzyme systems on tractable substrates. On recalcitrant cellulose, the presence of a cellulose-binding domain on the scaffoldin and enzyme proximity on the resultant complex contributed almost equally to their elevated action on the substrate. For certain enzyme pairs, however, one effect appeared to predominate over the other. The results also indicate that substrate recalcitrance is not necessarily a function of its crystallinity but reflects the overall accessibility of reactive sites.
A number of cellulolytic anaerobic microorganisms degrade plant cell wall cellulose by means of macromolecular complexes termed cellulosomes (1) (2) (3) (4) (5) (6) (7) (8) . In addition to a collection of cellulases, these large complexes can also include enzymes specialized for the degradation of other plant cell wall polymers, such as hemicellulases and pectinases (9, 10) . Bacterial cellulosomes are typically composed of a scaffolding protein containing several cohesin domains, which bind to the dockerin domains of the catalytic subunits. The complete dissociation of all known bacterial cellulosomes into individual components requires harsh treatments, such as elevated temperatures and/or the presence of chaotropic agents, thus reflecting the strength of the cohesin-dockerin interaction. In the case of Clostridium cellulolyticum and Clostridium thermocellum, the interaction is Ca 2ϩ -dependent (11, 12) and of high affinity (Ն10
M
Ϫ1 ; see Refs. 11 and 13).
The scaffoldins produced by C. cellulolyticum and C. thermocellum contain multiple cohesin domains and a single family 3A cellulose-binding domain (CBD) . 1 The latter is located at the N terminus of the C. cellulolyticum scaffoldin, whereas the scaffoldin CBD from C. thermocellum adopts an internal position (14, 15) . It has been shown for both species that the cohesins can interact with any of the dockerin domains of the same species, suggesting a random incorporation of the catalytic subunits along the scaffoldin (16 -18) . The cohesin-dockerin interaction, however, is species-specific, at least between these two clostridia (19) .
In a previous study (20) , we exploited the species specificity of the cohesin-dockerin interaction to selectively incorporate desired enzymes into precise positions within chimeric cellulosome complexes. For this purpose, a chimeric scaffoldin containing an optional CBD and divergent cohesins from each species binds selectively the appropriate dockerin-containing enzymes. In this manner, two cellulases from C. cellulolyticum, the family-5 CelA and the family-48 CelF, were engineered to bear the dockerin domain of CelS from C. thermocellum. The hybrid enzymes were then incorporated onto the chimeric scaffoldins together with the native CelA or CelF. It was observed that complexation induced enhanced levels of synergy, especially in the case of the heterogeneous enzyme mixtures (i.e. the native CelA and the hybrid CelF or vice versa).
In the present report, the technology involving the use of cellulosome chimeras was further extended to study binary mixtures of all available cellulases from C. cellulolyticum bound to a chimeric scaffoldin. To increase the number of enzyme pairs that can be incorporated in the complex, the native dockerin of CelE, one of the two major enzymes of the cellulosomes (17) (the other one being CelF), was also replaced by the dockerin of CelS from C. thermocellum. Thus three different dockerin-engineered hybrid cellulases (CelA, CelE, and CelF) are now available for combination with one of the five available wild-type cellulases (CelA, CelC, CelE, CelF, and CelG). In addition, the collection of the four previously described chimeric scaffoldins, containing either one or lacking a family-3A CBD, was extended to include a fifth chimeric scaffoldin that bears a family-3A CBD at both extremities. In total, 75 different chimeric cellulosomes were assembled in vitro by mixing the three types of components, and their activity was assayed on various cellulose substrates of different source, crystallinity, and ultrastructure.
EXPERIMENTAL PROCEDURES
Plasmids and Strains-The plasmids and encoded proteins used in this work are summarized in Fig. 1 . Previous reports described the construction of pJFAc (21) , pJFAt (20) , pETEc (22) , pETFc (23) , pETFt (20) , pETGc (24) , pETscaf1 (20) , pETscaf2 (20) , pETscaf3 (20) , pETscaf4 (20) , pETCipC1 (14) , pETcoh1A (11) , pET2CBD (18) , and pQE-Coh2 (25) .
The plasmid pJFCc, encoding Cel8C of C. cellulolyticum containing a His tag at the C terminus, was obtained by inserting the primer 5Ј-T-CAGCTAAAAGTTAAACTGCTTAACCACCACCACCACCACCACTAG-C-3Ј into a BlpI site (the His tag is underlined in all sequences) located at the 3Ј-extremity of the coding sequence of pC17 (26) .
Replacement of the native dockerin of Cel9E by the dockerin of C. thermocellum Cel48S was performed by the overlap-extension PCR method (27) . The C. thermocellum dockerin-encoding region of pJFAt was amplified using the forward primer 5Ј-GATGAAAAGGGGCCAGA-GATTGCCAAGACAAGCCCTAGCCCATC-3Ј and reverse primer 5Ј-C-CCCCCCTCGAGTTAGTGGTGGTGGTGGTGGTGGTTCTTGTACGG-CAAT GT-3Ј, thus introducing an XhoI site (boldface type) at the 3Ј-extremity of the coding sequence. The region coding for the C-terminal part of the catalytic domain of Cel9E (including the unique BamHI site in pETEc) was amplified using the forward 5Ј-GTCATATGCTTATGA-ATTCAG-3Ј and reverse 5Ј-GATGGGCTAGGGCTTGTCTTGGCAATC-TCTGGCCCCTTTTCATC-3Ј primers. The two resultant overlapping fragments (overlapping regions in italics) were mixed, and a combined fragment was synthesized using the external primers. The fragment was cloned into BamHI-XhoI linearized pETEc, thereby generating pETEt.
pETscaf5 was constructed from pETCip1X (20) coding for the miniCipC1 (C. cellulolyticum) and pET2CBD encoding cohesin2-CBD from CipA of C. thermocellum. The region encoding cohesin2-CBD from C. thermocellum was amplified using the forward 5Ј-GGGCGGCTCGAG-GTTCCGTCAGACGGT-3Ј and reverse 5Ј-GGGCGGCTCGAGTATTG-CATTCGGATCATC-3Ј primers, introducing an XhoI site (boldface) at both extremities of the coding sequence. The resulting fragment was cloned into XhoI-linearized pETCip1X, thus generating pETscaf5.
Positive clones were verified by DNA sequencing. DH5␣ and JM109 Escherichia coli strains (Clontech, Palo Alto CA) were used as production hosts for pJF and pQE derivatives, respectively. For pET derivatives, BL21(DE3) (Novagen, Madison, WI), was used as production host.
Production and Purification of Recombinant Proteins-E. coli was grown at 37°C to A 600 ϭ 1.5 in Luria-Bertani medium supplemented with glycerol (12 g/liter) and the appropriate antibiotic. The culture was then cooled to 25 (5Ac, 5At, 8Cc, all cohesin(s)-containing proteins), 18 (48Fc and 48Ft), or 15°C (9Ec, 9Et, and 9Gc), and isopropyl thio-␤-Dgalactoside was added to a final concentration of 400 (5Ac, 5At, 8Cc, all cohesin(s)-containing proteins) or 40 M (48Fc, 48Ft, 9Ec, 9Et, and 9Gc). After 16 h, the cells were harvested by centrifugation (3000 ϫ g, 20 min), resuspended in 30 mM Tris-HCl, pH 8, and broken in a French press. The purification of His-tagged proteins (see Fig. 1 ) was performed on nickel-nitrilotriacetic acid resin (28) (Qiagen, Venlo, The Netherlands). Scaf1, Scaf2, miniCipC1, and C2-CBDt were purified on Avicel PH101 (Fluka, Buchs, Switzerland) as described previously (18) . Purification was achieved on Q-Sepharose fast flow (Amersham Biosciences) equilibrated in 25 mM Tris-HCl, pH 8.5. The proteins of interest were eluted by a linear gradient from 0 to 400 mM NaCl in 25 mM Tris-HCl, pH 8.5. The concentration of purified proteins was routinely estimated by absorbance (280 nm) in 6 M guanidine hydrochloride and 25 mM sodium phosphate, pH 6.5, using the program ProtParam tool (www.ex-FIG. 1. Schematic representation of the recombinant proteins used in this study. White (C. thermocellum) and gray (C. cellulolyticum) symbols denote the source of the respective domains (see Key to symbols). Cohesin domains are numbered according to their original position in the respective native cellulosomal scaffoldin. A hydrophilic domain (X2) of unknown function is part of the C. cellulolyticum scaffoldin. An immunoglobulin-like domain (Ig) is part of 9Ec and 9Et. In the shorthand notation for the enzymes, numbers indicate the corresponding family of the catalytic domain; A, C, E, F, and G refer to the original name of the enzymes (CelA, CelC, CelE, CelF, and CelG, respectively); c and t indicate the source of the dockerin domain, C. cellulolyticum or C. thermocellum, respectively. pasy.ch/tools/protparam.html) and also by quantitative amino acid analysis on a Beckman 6300 system (Fullerton, CA) using ninhydrin detection. The protein samples were dialyzed by ultrafiltration against 10 mM Tris-HCl, pH 8.0, 1 mM CaCl 2 , aliquoted, and stored at Ϫ20°C.
Purification of the ␤-Glucosidase and the Cellulosome of C. cellulolyticum-The ␤-glucosidase Novozyme 188 (Novozymes, Bagsvaerd, Denmark) produced by Aspergillus niger was purified by gel filtration as described previously (29) except that AcA34 Ultrogel (Sepracor, Villeneuve-la-Garenne, France), equilibrated in 50 mM Tris-HCl, pH 7.5, 0.2 M NaCl, was used. The activity of the fractions was analyzed using p-nitrophenyl ␤-D-glucopyranoside (Sigma), and the purity was verified by SDS-PAGE (Phast System, Amersham Biosciences). Fractions containing a single band at around 100 kDa were pooled and concentrated using a PM10 membrane (Millipore, Bedford, MA) with a cut-off of 10 kDa. The protein concentration was determined by the method of Lowry et al. (30) , using bovine serum albumin as the standard.
The cellulosome produced by C. cellulolyticum was purified as described previously (17) from 1 liter of culture after 5 days of growth in a medium containing 7.5 g/liter of cellulose as the carbon source. The final protein concentration was determined as above.
Nondenaturing PAGE-Samples (10 M final concentration) were mixed at room temperature in 20 mM Tris maleate, pH 6.0, 10 mM CaCl 2 , and 100 mM NaCl, and 1-4 l were subjected to PAGE (4 -15% gradient) using a PhastSystem device (Amersham Biosciences).
Stability of the Free Enzymes and Chimeric Cellulosomes-Proteins (10 M final concentration) were mixed at room temperature in 20 mM Tris maleate, pH 6.0, 1 mM CaCl 2 , 0.01% NaN 3 , and incubated at 37°C. Aliquots were pipetted at 0, 1, 6, and 24 h, and their residual activity toward carboxymethyl cellulose (Sigma) (8 g/liter) was determined as described previously (21) . The samples were also subjected to nondenaturing PAGE (4 -15% gradient) and to SDS-PAGE (12.5%) after addition of loading buffer (25% v/v) and 5 min of boiling.
Enzyme Activity-An aqueous suspension of homogenized ribbons of bacterial cellulose (BC) was prepared from Nata de coco (Daiwa Fine Products, Singapore) as described previously (29) . Bacterial microcrystalline cellulose (BMCC) was prepared from BC as described previously (31) . The concentration was determined by dry weight and by neutral sugar analysis (32) . Phosphoric acid swollen (PAS)-cellulose was obtained from Avicel PH101 according to Ref. 33 . Relative crystallinity indices of the cellulose suspensions (20 ml, 1 g/liter) were verified by x-ray diffraction (31) after vacuum filtration and air drying. The celluloses were resuspended in 20 mM Tris maleate, 1 mM CaCl 2 , and 0.01% NaN 3 . Aliquots (40 l) of the protein samples (10 M in 20 mM Tris maleate, pH 6.0, 10 mM CaCl 2 , and 100 mM NaCl) were incubated at 37°C with 4 ml of substrate. The final protein concentration was thus 0.1 M. At 0, 1, 6, and 24 h, 0.9-ml aliquots were centrifuged and examined for reducing sugars (34) .
In selected experiments, purified ␤-glucosidase (see above) was added at a final concentration of 0.05 g/liter. In this case, aliquots were examined after centrifugation for reducing sugars (34) and glucose content using the glucose oxidase method (35) .
RESULTS

Library of Chimeric Cellulosome
Components-The recombinant and engineered proteins (scaffoldins and enzymes), used in this study for incorporation into cellulosome chimeras, are presented in Fig. 1 . Based on data published earlier (20) , which demonstrated that scaffoldins containing a single CBD (Scaf1, -2, and -3) induced higher stimulation than those lacking a CBD (Scaf4), a fifth hybrid scaffoldin, derived from Scaf3, was designed and produced in E. coli. The resultant protein (Scaf5) contained a second family 3A CBD, stemming from CipA of C. thermocellum and located at the C terminus. Thus, Scaf5 contains one family 3A CBD from both species. The replacement of the intrinsic dockerin domain of CelE from C. cellulolyticum by the dockerin of CelS from C. thermocellum was also performed, thereby generating 9Et. For the purposes of this study, the enzymes are given a descriptive notation (see Fig. 1 ), whereby the initial number designates the corresponding glycosylhydrolase family (36) ; the capital letter refers to the original name of the C. cellulolyticum cellulase (i.e. CelE in this instance), and the lowercase letter indicates the origin of the dockerin domain (either C. cellulolyticum or C. thermocellum). Three hybrid C. cellulolyticum cellulases, bearing a C. thermocellum dockerin, were therefore available, 5At, 9Et, and 48Ft, and can be complemented for assembly of chimeric complexes by one of the five available native cellulases 5Ac (21), 8Cc (26), 9Ec (22) , 48Fc (37) , and 9Gc (24) . C. cellulolyticum cellulases 5Ac and 8Cc were described previously as typical endoglucanases (21, 26) , whereas 9Gc is an unusual endocellulase, the activity pattern of which resembles that of the homologous enzyme Cel9A from Thermobifida fusca (24, 38) . Cellulosomal enzyme subunits 9Ec and 48Fc, however, were unambiguously identified as endo-processive cellulases (22, 37) . As shown in Fig. 1 , 9Ec (or 9Et) and 9Gc contain additional accessory domain(s) compared with the other cellulases used in the present study; 9Ec has a family-4 CBM and an Ig-like domain at the N terminus, whereas 9Gc contains a family-3C CBM between the catalytic domain and the C-terminal dockerin domain. Thus 15 a Stimulation Factor (SF) is the impact of the complexation of an enzyme pair on a given scaffoldin: SF ϭ (released soluble sugars by ternary complex)/(released soluble sugars by the corresponding free enzyme pairs).
b Synergy between enzymes in the free state: synergy factor ϭ (released soluble sugars by a free enzyme pair)/(sum of released soluble sugars by corresponding enzymes alone).
c Averages of 2-6 experiments varying within Ϯ 10%.
different enzyme pairs can be incorporated onto each of the five hybrid scaffoldin leading to 75 different cellulosome chimeras. The various proteins were produced in E. coli and were purified by a two-step procedure. The first step involved affinity chromatography on either cellulose or nickel-nitrilotriacetic acid according to the presence of a CBD or His tag, respectively; final purification was subsequently achieved by a chromatography on an anion exchanger.
Verification of Complex Formation-Prior to addition of the substrate, stoichiometric mixtures of two desired enzymes and a test scaffoldin were subjected to nondenaturing PAGE in order to verify complex formation. As described previously (20) , all ternary mixtures resulted in a single major band of altered mobility, indicating that complete or near-complete complex formation was observed in all cases.
Activity toward Avicel-Enzyme pairs in the free state displayed little or no synergy on 3.5 g/liter Avicel, except the 48Ft ϩ 9Gc pair for which the synergy reaches 2 (Table I ). In contrast, most ternary complexes were found to be more active than the corresponding free enzyme pairs. The enhancement of the activity increased with incubation time to reach a maximum at 24 h, in the case of scaffoldins containing one or two CBDs, whereas for Scaf4-containing complexes the maximum enhancement was often reached after 6 h and remained constant until the end of the kinetic study (data not shown). The highest stimulation factors (SF, Table I ), because of complexation, were observed for 5At and 9Gc bound to Scaf1 or Scaf2. In general, for a given enzyme pair, the same "hierarchy" between the scaffoldins in terms of activity enhancement was found: Scaf1 ϭ Scaf2 Ͼ Scaf3 Ͼ Scaf5 Ն Scaf4, thus indicating that the second family 3A CBD introduced in Scaf5 has a negative impact on the activity of the complexes, because Scaf3-containing complexes were more efficient. Lower but significant enhancements were observed for complexes containing Scaf4; the values varied from 3.5 (5At ϩ 9Gc) to no enhancement for homogeneous enzyme pairs such as 9Et ϩ 9Ec, indicating that in most cases bringing two different cellulases together is enough to trigger enhanced synergy. This suggests that the increase of activity observed when enzyme pairs are bound to Scaf2, for instance, is because of both the proximity of the catalytic domains in the complex and the presence of the family 3A CBD of the scaffoldin. To estimate the relative contribution of the CBD and the proximity in this type of complex, the data obtained with Scaf2 and -4 (Table I) were plotted in Fig. 2A . On the abscissa are reported the enhanced synergies exclusively due to enzyme proximity (SF Scaf4 ), and the ordinates represent the calculated contribution of the CBD in Scaf2-based complexes (SF Scaf2 /SF Scaf4 ). Many spots are located near or just above the diagonal line, indicating that both the CBD and the proximity of the enzymes contribute almost equally to the enhanced synergy observed for the Scaf2-based complexes. For selected enzyme pairs, however, one effect seemed to predominate over the other. For example, the inclusion of 48Ft and 8Cc into a Scaf4-based complex has no impact on the activity, and the observed enhancement when these cellulases are bound to Scaf2 would presumably reflect the presence of the CBD of the scaffoldin. On the other hand, the impact of the enzyme proximity is predominant when the cellulase pair 5At ϩ 9Gc is attached to Scaf2, although the CBD still induces an additional 2-fold increase. An unexpected result concerns the homogeneous enzyme pair 5At ϩ 5Ac, which, as previously reported (20) , is 30 -40% more active when bound to Scaf4. On the basis of these data, the impact of the complexation of these two enzyme pairs was subjected to additional investigation.
Enhancement of the Activity of 5At ϩ 9Gc and 5At ϩ 5Ac-
The enzyme pair 5At and 9Gc was incubated for 24 h at 37°C, either in the free state or bound to Scaf2 and Scaf4. The carboxymethylcellulase activity of the three mixtures was assayed at specific time intervals and found to remain constant even after 24 h of incubation in all cases (similar results were obtained with 5At ϩ 5Ac, data not shown). Thus, the enhancement of the activity observed when 5At ϩ 9Gc are bound to Scaf2 or Scaf4 is not due to a stabilization of the enzymes by complexation. The stability of the complexes at 37°C was also investigated by subjecting the samples to nondenaturing PAGE (Fig. 3, A and B) . In the case of the Scaf2-containing complex, after 24 h, the intensity of the major band corresponding to the ternary complex was reduced by less than 15%, whereas ϳ55% of the intensity was lost in the case of the Scaf4-containing complex. SDS-PAGE analysis performed on the same samples (Fig. 3, C and D) revealed that the observed reduction of the ternary complex was in fact due to a decay of Scaf4, because the intensity of the corresponding band decreased proportionally. Table I (A) and Table II (B) . On the x axis are reported ratios of stimulation factors for Scaf4 (SF Scaf4 ), and on the y axis are reported (SF Scaf2 )/(SF Scaf4 ). Vertical line (x ϭ 1) discriminates between enzyme pairs displaying enhanced synergy in Scaf4-based complexes (x Ͼ 1) and enzyme pairs that are not stimulated (or are inhibited) by the binding to this scaffoldin (x Յ 1). Horizontal line (y ϭ 1) denotes enzyme pairs wherein binding to Scaf2 induces additional activity compared with Scaf4 (y Ͼ 1). The diagonal line (y ϭ x) symbolizes an equal contribution between the proximity (SF Scaf4 ), and the CBD effect ((SF Scaf2 )/(SF Scaf4 )). White numbers refer to the following enzyme pairs: 1, 5At ϩ 5Ac; 2, 5At ϩ 8Cc; 3, 5At ϩ 9Ec; 4, 5At ϩ 48Fc
The Avicelase activity of 5At and 9Gc was also assayed when these enzymes were complexed to either separate complementary cohesins or to single-cohesin/CBD constructs derived from the desired scaffoldin of C. cellulolyticum and C. thermocellum (see Fig. 1 ). The results (Fig. 4) indicate that the enhanced synergy, when the cellulases are bound to Scaf4, stems from the proximity of the cellulases in the complex and not from the binding of the dockerin domain to the corresponding cohesin, because attachment of the enzymes to separate cohesins induces only a 20% increase in activity. The individual association of both enzymes to a family 3A CBD and the resulting enhanced activity of the combined system also show that proximity of the enzymes in the Scaf2-based complex is an important factor.
In contrast to the latter results, a similar experiment performed with 5At ϩ 5Ac (Fig. 5) shows that the modest but significant enhancement observed when this homogeneous enzyme pair is anchored to Scaf4 is exclusively due to the binding of the dockerin domain to the corresponding cohesin. Because both enzymes are stable at 37°C (no significant loss in carboxymethylcellulase activity after 24 h of incubation, see above), the gain in activity cannot be explained by a stabilization of the enzymes by complexation. These data rather suggest that the binding to the cohesin may induce minor conformational changes, which lead to slightly more active enzymes on Avicel.
Activity toward Ribbons of BC-At a substrate concentration of 3.5 g/liter, many enzyme pairs in the free state (Table II) displayed unexpectedly high levels of synergy on this cellulose substrate, used for the first time in this work to assay C. cellulolyticum enzymes. The highest synergies were observed for pairs containing one endoglucanase (5A, 8C, or 9G) and one endoprocessive cellulase (48F or 9E). The synergy reached a value of ϳ10 when 48F was mixed with 5A or 8C. The complexation onto hybrid scaffoldins of the different enzyme pairs had various effects on the activity. In general, the enhancement of the activity was much lower than that found on Avicel. Most significant stimulations (above 2) were observed for endoglucanase pairs that showed low activity and no synergy in the free state when bound to Scaf1 or Scaf2. The binding to the same scaffoldins of enzyme pairs displaying high synergy in the free state (e.g. 48F ϩ 5A or 8C) induced only a relatively modest increase in activity (50 -80%). In contrast to the results obtained for Avicel as a test substrate, no obvious The proteins were mixed in stoichiometric amounts, and the status of the protein mixtures was verified by nondenaturing PAGE (data not shown) prior to addition of the substrate. The amount of reducing soluble sugars was determined after 0, 1, 6, and 24 h of incubation at 37°C. Curves are labeled as follows: 5At ϩ 5Ac in the free state (q), 5At bound to Coh2t ϩ 5Ac bound to Coh1c (⌬), and 5At ϩ 5Ac complexed onto Scaf4 (OE).
hierarchy between the hybrid scaffoldins could be deduced from the data reported in Table II . The binding to single-CBD scaffoldins usually induced the most significant enhancements, but not in all cases, and the difference with Scaf4 was less marked. The difference with Avicel is highlighted by the compilation of the data in Fig. 2B , in which the ratio SF Scaf2 /SF Scaf4 was graphed as a function of SF Scaf4 . In the case of BC, the spots are less dispersed and closer to the coordinates 1,1. Another difference with Avicel is the fact that the attachment to Scaf5 induced a modest but significant inhibition of half of the enzyme pairs.
In the case of three enzyme pairs (9Et ϩ 9Gc, 48Ft ϩ 8Cc, and 48Ft ϩ 9Gc, see Table II ), the concentration of soluble sugars released after 24 h in both free and complexed states was in the range of 0.7-1.1 mM, and cellobiose was the main product (data not shown). In addition, these three enzyme pairs are among those least stimulated by complexation to Scaf2 or Scaf4. The possibility that feedback inhibition of the enzymes occurs at such concentrations of cellobiose was explored by adding a purified ␤-glucosidase from A. niger in sufficient amounts (0.05 g/liter) to hydrolyze 2 mM cellobiose within 15 min at 37°C. During the kinetic studies, the released soluble sugars were analyzed by the ferricyanide method (34) and by specific quantification of glucose (35) . Because almost identical amounts were found with both techniques, it was concluded that the released cellobiose (and longer cellodextrins) was efficiently converted into glucose, and that only traces were remaining. Under these conditions, the stimulation due to complexation of these three enzyme pairs onto Scaf2 or Scaf4 was barely improved (Table III) and remains much lower than that found for the same complexes on Avicel. Thus cellobiose inhibition accounts very little for the low stimulations observed on BC.
Comparison with Purified Cellulosomes-Cellulosomes were purified from a culture of C. cellulolyticum grown on crystalline cellulose. The average molecular mass was previously estimated to be 600 kDa (17) . The activity of the purified cellulosomes and one of the most efficient ternary complexes on Avicel and BC (Scaf2:48Ft/9Gc, see Tables I-III) were assayed on both types of crystalline cellulose at 3.5 g/liter (Fig. 6, A and B) . The selected ternary complex has a molecular mass of about 200 kDa, and as for all kinetic studies described so far in the present study, the final concentration in the test tube was 0.1 M (or 0.02 g/liter). Because the purified cellulosomes are three times larger (600 kDa), to facilitate the comparison two different concentrations of cellulosomes were used: 0.02 (0.033 M) and 0.06 g/liter (0.1 M). ␤-Glucosidase was added in all cases as described above. At equivalent amounts of protein (0.02 g/liter), the cellulosomes and the selected ternary complex have almost identical levels of activity on BC, whereas on Avicel the cellulosomes are 5-fold more active. At this specific concentration, the cellulosomes have equivalent levels of specific activity on both celluloses. At similar molar equivalents (0.1 M), the cellulosomes were found to be 10-and 3-fold more active than the ternary complex on Avicel and BC, respectively. After 24 h, a SF is the impact of the complexation of an enzyme pair on a given scaffoldin: SF ϭ (released soluble sugars by ternary complex)/(released soluble sugars by the corresponding free enzyme pairs).
65% of the BC initially present and 44% of the Avicel were degraded.
Influence of the Substrate Concentration-The activity of the enzyme pair 48Ft ϩ 9Gc was assayed at various concentrations of Avicel and BC, either in the free state or complexed onto Scaf2 or Scaf4. Because above 3.5 g/liter ribbons of BC constitute a thick gel, only lower concentrations were tested using this substrate, whereas in the case of Avicel, the concentration ranged from 1.5 to 15 g/liter. The results, reported in Table IV and Fig. 7 , indicate that the stimulation due to the complex- Table IV . On the ordinates are reported the SF 24h (released soluble sugars by ternary complex after 24 h/released soluble sugars by free 48Ft ϩ 9Gc after 24 h). Curves were labeled as follows: Scaf2:48Ft/9Gc complex (OE), and Scaf4:48Ft/9Gc complex (⌬). 6  7  5  7  7  6  9  8  8  1 1  1 2  1  26  63  35  37  80  64  64  103  103  95  152  160  6  34  145  74  77  177  150  122  229  220  167  280  278  24  44  268  103  97  385  212  163  405  324  227  491 16  19  13  20  23  13  15  15  16  27  26  1  66  192  108  110  194  156  193  205  215  194  206  236  6  68  478  151  131  491  279  327  485  469  476  492  510  24  70  931  186  145  1066  375  439  994  785  1010  1061  1105 a Average of two independent experiments varying within Ϯ10%.
ation onto Scaf2 is inversely proportional to the substrate concentration, whereas in the case of Scaf4, the stimulation is constant at all Avicel concentrations (ϳ2-fold) and only varies from 2.65-to 1.1-fold on BC. Interestingly, during the kinetics, the same amounts of reducing soluble sugars were released by the Scaf2-based complex at all BC concentrations (Table IV) , although after 24 h the percentage of saccharification varied from 90 (0.35 g/liter) to 10% (3.5 g/liter). Activity toward Other Celluloses-The impact of the complexation of 48Ft and 9Gc onto Scaf2 and Scaf4 was also investigated in terms of activity toward the highly crystalline cellulose BMCC and the amorphous PAS-cellulose. The results are reported in Fig. 8 and compared with those obtained for Avicel and BC at the same standard concentration of 3.5 g/liter. Similar results were obtained for the action of the test complexes on Avicel and BMCC; complexation onto both types of hybrid scaffoldins induced strong increases in activity, and the difference between Scaf2 and Scaf4 was, however, less marked in the case of BMCC. As described above, the free enzymes displayed high levels of synergism (4.9-fold) on BC, and complexation onto either scaffoldin had almost no impact on the activity of this enzyme pair. On the contrary, the activity of the enzyme pair on PAS-cellulose was significantly inhibited (about 40%) by complexation onto Scaf2, whereas the Scaf4-based complex had similar levels of activity as observed for the free enzyme pair.
DISCUSSION
Cellulose is an unbranched, polymorphic homopolymer, consisting of long chains of ␤-1,4-linked glucose residues (39 -41) . In nature the cellulose chains are packed in parallel fashion to form microfibrils, which are assembled into superstructures such as fibers, plant cell walls, pellicles, etc. The arrangement of the native cellulose chains into microfibrils generates crystalline regions of two different crystallographic phases (termed I ␣ and I ␤ , which differ in their hydrogen-bonding pattern) as well as less ordered "amorphous" regions. Cellulose polymorphy is reflected in the size, shape, crystallinity, and the relative proportions of the two crystallographic phases of the microfibrils. These properties will vary, depending on their source and methods of preparation. Moreover, within a single microfibril the more reactive I ␣ and relatively stable I ␤ phases usually coexist together with the disordered amorphous regions. Over the past years, a number of model cellulosic substrates have been developed to characterize the activity of cellulolytic enzymes. Among these model substrates, the least crystalline (0%) is a soluble substituted form of cellulose, CMC, that is usually very efficiently hydrolyzed by endoglucanases but not by processive cellulases. On the opposite side of the scale, cellulose microcrystals from the alga, Valonia ventricosa, are close to 100% crystalline and are considered to be one of the most recalcitrant types of celluloses to enzymatic hydrolysis (42) .
In the present study, two commonly used intermediate forms of crystalline cellulose, Avicel and bacterial cellulose (BC), were selected as model substrates for assay of the 75 cellulosome chimeras; Avicel is extracted from wood pulp and presumably contains mainly the stable I ␤ crystallographic phase, characteristic of the higher plants. Avicel has a degree of polymerization (DP) of 100 -250 glucopyranose units and is 50 -60% crystalline (43) . In contrast, BC ribbons are produced by the bacterium, Acetobacter xylinum, and the I ␣ phase is predominant (ϳ60%) (42) . The BC microfibril has a DP of ϳ2000 glucopyranose units and is 75% crystalline (31, 42) .
By using Avicel as a model substrate, the data indicate that incorporation of cellulase pairs into a cellulosome-like particle can induce two major types of effects: (i) increased activity of the enzyme pairs, due to the presence of the family 3A scaffoldin CBD; (ii) enhanced synergy due to the proximity of the enzymes in the complex.
The contribution of the CBD to synergistic activity has already been reported for free cellulases associated to this particular type of CBD (44, 45) and for the enzyme pairs 48Ft ϩ 5Ac and 48Fc ϩ 5At (20) . Clearly, single-CBD scaffoldins (Scaf1-3) gave the best enhancement of activity, compared with the CBD-less scaffoldin (Scaf4) or to the double-CBD scaffoldin (Scaf5). As expected, the CBD effect is inversely proportional to substrate concentration. The lower activities observed for the double-CBD Scaf5-based complexes probably reflect superfluous levels of interaction with the substrate incompatible with optimal activity of the associated enzymes. In this context, the presence of two CBDs in Scaf5 would restrict the mobility of the complexes across the surface of the substrate. Alternatively, upon binding to the substrate, Scaf5 may adopt a more rigid conformation than that of the single-CBD scaffoldins, thus limiting the mobility of the associated catalytic domains within the complex and reducing their activity toward the adjacent cellulose chains. This observation is consistent with the fact that the known bacterial scaffoldins never contain two or more family 3A CBDs (46) . It may also be correlated with the fact that the C. celluloyticum cellulosomal cellulases, which have been discovered to date, lack an efficient cellulose-binding CBD.
The effect of enzyme proximity within the complex is reflected by the activity of Scaf4-based complexes. Avicelase activity of the most heterogeneous enzyme pairs was indeed increased significantly by complexation onto the CBD-less Scaf4. Interestingly, the highest level of enhancement by Scaf4-based complexes was observed for the enzyme pair, 9Gc ϩ 5At, which displays no synergy in the free state. This probably indicates that the physical proximity and concerted action of these two endoglucanases enable them to hydrolyze additional sites. This may, however, reflect a more general phenomenon, because the enzyme pair showing the highest synergy (2-fold) in the free state, 48Ft ϩ 9Gc, was also strongly stimulated when complexed onto Scaf4. Furthermore, the enhancement of activity due to proximity is probably underestimated, because after 24 h of incubation at 37°C, about 50% (Fig. 3D ) of Scaf4 undergoes spontaneous proteolysis (which was not observed for Scaf2).
A third effect was also observed with the homogeneous enzyme pair 5At ϩ 5Ac, which exhibited a 40% increase in Avicelase activity when bound onto Scaf4 or independent complementary cohesins (Fig. 5) . In this particular case, the results suggest that the binding of the dockerin to the corresponding cohesin induces conformational changes of the catalytic domain, leading to a slightly more active enzyme. Former studies (21) have shown that the removal of the dockerin domain of 5Ac induces significant modification in the activity pattern of this cellulase. The present study also indicates that the binding of the dockerin domain can modulate the activity of the enzyme toward crystalline cellulose. Alternatively, the presence of a dockerin domain may inhibit the catalytic domain in the free state, and the inhibition is relieved during the complexation to the cohesin.
Complexation of most enzyme pairs on a CBD-containing scaffoldin appears to induce both the CBD and the proximity effects, with respect to Avicelase activity ( Fig. 2A) . In two cases, however, one effect clearly predominates. In this context, the activity of the 5At ϩ 9Gc pair was strongly stimulated by complexation onto the CBD-less Scaf4 (3.5-fold), whereas the effect of binding onto Scaf2 was much less (2-fold), suggesting that in this particular case, the proximity effect is more important. The cellulase 9Gc, contains a family 3C CBM, usually described as "helper" or "catalytic" CBMs (46) . Nevertheless, the CBM3C of 9Gc exhibits a moderate but measurable affinity for crystalline cellulose (24) . Thus, the strong stimulation of the Scaf4-based 5At ϩ 9Gc pair may partly reflect the latter phenomenon leading to the enhancement of the overall proximity effect. Indeed, the two other Scaf4-based complexes that exhibit a relatively strong stimulation also contain 9Gc. In contrast, complexation of 48Ft ϩ 8Cc onto Scaf4 showed little (20%) effect on Avicelase activity, whereas the binding onto single CBD scaffoldins induced up to a 4-fold increase in activity (see Table I and Fig. 2A) . Consequently, enhancement of Avicelase activity by the latter Scaf2-complexed enzyme pair is almost exclusively due to the CBD effect, which could be the combination of the substrate-targeting function and the proposed disruptive effect that CBDs show on cellulose (45, 47, 48) . In any case, it appears that the family-8 cellulase (8Cc) is particularly sensitive to the CBD effect as opposed to the proximity effect (Fig. 2) .
When ribbons of BC were used as a substrate (see Table II and Fig. 2B ), most enzyme pairs displayed high levels of both activity and synergy in the free state, compared with those observed for Avicel. The stimulation factors due to complexation on hybrid scaffoldins were drastically reduced. The difference between the two types of cellulose substrates is also underscored by the fact that purified cellulosomes, the ternary complex (Scaf2:48Ft/9Gc), and the free enzyme pair (48Ft ϩ 9Gc) all show equivalent specific activities on BC. On Avicel, however, the cellulosomes are 5-fold more active than the chimeric complex, which is, in turn, 4-fold more active than the free enzyme pair. It is thus clear that Avicel is more difficult to degrade, and efficient hydrolysis of this substrate requires the large variety of cellulases contained by the cellulosomes. Such differences cannot be explained by the crystallinity, because the relative crystallinity index of BC is even higher than that of Avicel. Another difference between the two substrates concerns the ultrastructure; BC has been described as thin, long, and well dispersed ribbons, along which highly crystalline regions are interrupted by amorphous or less-ordered regions (29, 42) . In contrast, Avicel is composed of large aggregates of microcrystals that have a low surface area (43, 49, 50) . Thus, in BC, the crystalline and disordered domains of the ribbons are much more accessible to an enzyme or an enzyme complex, as reflected by the fact that the free enzyme pair 48Ft ϩ 9Gc is about 10 times more active on BC than on Avicel (Tables I and  II) . It is therefore assumed that at the same cellulose concentration, reactive and accessible sites are much more abundant in BC than in Avicel. Interestingly, at lower concentrations of BC, complexation on both Scaf2 and Scaf4 induces drastic increases in activity of the enzyme pair (Table IV) , suggesting that the impact of complexation, especially on single-CBD scaffoldins, is maximum when the amount of reactive and accessible sites of the substrate is low.
To assess this hypothesis further, the 48Ft ϩ 9Gc pair in the free and complexed states was assayed on two other types of celluloses designed to exhibit contrasting physical properties, i.e. BMCC and PAS-cellulose. On the one hand, BMCC is obtained from BC by moderate hydrolysis with HCl. Such treatment acts selectively on the disordered or amorphous domains of the ribbons, leading to a reduction in DP to 100 -150 residues and to an aggregation of the crystalline domains (31, 51) . BMCC is thus slightly more crystalline than BC, and the remaining reactive sites are less accessible than in BC. The properties of BMCC would thus resemble those of Avicel more than BC. On the other hand, PAS-cellulose is produced from Avicel, whereby the reactive and accessible sites are very abundant, because the majority of the crystalline regions of the cellulose has been converted to amorphous domains.
Complexation of 48Ft ϩ 9Gc onto either Scaf2 or Scaf4 resulted in a significant increase in activity on BMCC (Fig. 8) , similar to that observed for Avicel. In contrast, on PAS-cellulose, the Scaf2-based complex exhibited lower activity than that observed either for the free enzyme pair or for the Scaf4-based complex. These data clearly indicate that the benefit of complexation depends directly upon the concentration of "accessible reactive sites" on the substrate. At high concentrations of accessible sites (e.g. as in PAS-cellulose), the mobility of the enzymes is a critical factor for reaching maximum activity. Complexation onto Scaf4, the CBD-less scaffoldin, does not seem to hinder the mobility of the enzymes, because the observed activity is similar to that of the free enzyme pair. The presence of a family 3A CBD, however, could account for the observed reduction in activity for the Scaf2-based complex on PAS-cellulose. In this respect, BC can be considered as an intermediate type of substrate, where accessible reactive sites are relatively abundant and subject to equivalently high levels of degradation by both free and complexed enzymes. Avicel and BMCC would constitute a third category of cellulose, characterized by low levels of accessibility, whereby complexation of enzyme pairs results in strong enhancement of synergy. In the case of BMCC, the proximity of the enzymes in the complex seems to prevail, whereas for Avicel, both enzyme proximity and the presence of a CBD appear to be important factors for optimal degradation of the substrate.
The data obtained with the ternary complexes strongly suggest that C. cellulolyticum cellulosomes are optimized for degradation of recalcitrant cellulose substrates, whereby recalcitrance reflects both the intrinsic crystallinity and the low accessibility of reactive sites on the substrate, such as that found in native plant cell walls. The proximity of the cellulosomal enzymes and the presence of the scaffoldin-based family 3A CBD play major roles in the synergy among the components and the resultant efficient degradation of the native substrate.
